Abstract Hexagonal PbCr x Fe 12-x O 19 nanostructures were prepared through a sol-gel autocombustion (SGAC) method using malonic acid as fuel. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier-transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD) analysis, and vibrating-sample magnetometry were used as tools to study the structure, morphology, and composition of the nanostructures. The optimal product was further evaluated as a reusable magnetic catalyst in a five-component reaction for synthesis of highly functionalized tetrahydropyridines (HF-THP). All reactions completed in short time and all products were obtained in good yield in presence of the magnetic nanocatalyst. Besides, it was found that PbCr x Fe
Introduction
Philips Laboratories published an extensive report on the main hexaferrite phases in the 1950s, resulting in publication of a book entitled Ferrites by Smit and Wijn in 1959 [1] . Hexaferrites have attracted increasing attention since their discovery, and this trend is still ongoing [2] [3] [4] [5] [6] [7] . These materials have been prepared using a range of techniques including coprecipitation, sol-gel, hydrothermal, glass crystallization, microemulsion, and ultrasonic spray pyrolysis [8] [9] [10] [11] [12] [13] [14] , and have gained a great deal of importance in commercial and technological areas and applications, e.g., in permanent magnets, magnetic recording and data storage devices, and chemical catalysis [15] [16] [17] [18] [19] .
Development of new and efficient catalytic reactions with simple separation steps and easily recyclable catalyst, on the other hand, is also a very important aim. Magnetic materials have opened a new horizon in this regard, since they can help to easily overcome problems associated with separation of nanocatalysts used to enhance the outcome of reactions. Simplicity, convenience, and low cost of separation, as well as environment friendliness are among the inherent advantages of magnetic nanoparticles, among which hexaferrites have gained more attention due to their unique magnetic activities [20, 21] .
Further, multicomponent domino reactions (MDRs) offer practical approaches for preparation of important biochemicals. These one-pot procedures can lead to formation of complex structures [22, 23] . One class of MDRs are used for synthesis of highly functionalized tetrahydropyridine derivatives, important compounds with biological and pharmacological activities as antihypertensive [24] , antibacterial [25] , antimalarial [26] , anticonvulsant and antiinflammatory [27] agents.
In this light, and as a further step in our efforts to develop synthesis routes for production of different organic compounds based on reusable nanocatalysts [28] [29] [30] [31] [32] [33] , this study focused on synthesis of magnetic PbCr x Fe 12-x O 19 nanostructures using malonic acid as fuel and surfactants. To this end, a sol-gel autocombustion (SGAC) procedure was used to prepare the hexagonal product. Further, the catalytic activity of the produced nanostructures was evaluated in synthesis of highly functionalized tetrahydropyridines (Scheme 1).
Experimental Materials and apparatus
All chemicals were of analytical grade and used without any further physicochemical treatment. A Bruker Avance-400 MHz spectrometer was used to record 1 H and 13 C nuclear magnetic resonance (NMR) spectra in presence of tetramethylsilane as internal standard. IR spectra were acquired on a Magna 550 FT-IR spectroscope using KBr plates, and C, H, N elemental analyses were conducted with a Carlo ERBA EA 1108 analyzer. Melting point measurements were performed using an Electrothermal 9200 instrument. The microscopic morphology of the particles was studied using a LEO 1455VP SEM instrument, and powder X-ray diffraction (XRD) studies were carried out using a Philips X'pert instrument with monochromatized Cu K a radiation (k = 1.5406 Å ). The room-temperature magnetic properties of the samples were investigated by vibrating-sample magnetometry (VSM) on an instrument supplied by Meghnatis Kavir Kashan Co., Iran. During these experiments, the magnetic field was swept between -10,000 and ?10,000 Oe. Transmission electron microscopy (TEM) images were acquired using a Philips EM208 TEM at accelerating voltage of 100 kV.
Preparation of nanostructures
Preparation of the nanostructures started using Pb(NO 3 ) 2 ?2 molar ratios of 0.5, 1.0, 1.5) were dissolved in separate 50 mL volumes of distilled water, and the resulting solutions were added dropwise to the Pb(NO 3 ) 2 solutions. The resulting reaction mixture was kept under vigorous stirring at 50°C for 0.5 h. Then, a solution of malonic acid, dissolved in a minimum amount of deionized water, was added to above solution to reach Pb(NO 3 ) 2 /malonic acid molar ratio of 13, and stirring was continued at 60°C for another half an hour. This was followed by a thermal treatment step until the resulting gel expanded due to autocombustion reaction. The resulting powder was calcined at 1000°C for 2 h, and characterized by XRD, VSM, SEM, and TEM.
General procedure for synthesis of THP Solution containing 2 mmol amine, 1 mmol ethyl acetoacetate, and 0.5 mol% nanostructured PbCr x Fe 12-x O 19 in 3 mL ethanol was prepared and kept under stirring and reflux for 20 min. Next, 2 mmol of an aldehyde was added to the mixture under vigorous stirring to yield a solid precipitate, which was isolated and dissolved in chloroform and monitored by thin-layer chromatography (TLC). After cooling the mixture down to room temperature, the nanostructured PbCr x Fe 12-x O 19 (i.e., catalyst) was separated using a magnet, and the residual material (i.e., tetrahydropyridines) was repeatedly washed with hot ethanol. The yield of the process was calculated to range from 85 to 94%.
Representative spectral data 19 nanoparticles were carried out to obtain structural and morphological information. Some of the results are presented in Fig. 1 . The SEM image in this figure shows that the diameters of the produced particles were in the range of a few nanometers, and also proves the particles to be hexagonal with uniform size distribution.
The XRD results for the PbCr x Fe 12-x O 19 nanostructures (Fig. 2) confirmed hexagonal structure based on Joint Committee on Powder Diffraction Standards (JCPDS) card no. 33-1340. The XRD results proved the size of the crystallites to be about 45 nm.
Based on the TEM results (e.g., Fig. 3 ), the diameter of the PbCr x Fe 12-x O 19 nanostructures was determined to be around 100 nm. These studies also proved the hexagonal morphology of the product. Figure 4 presents the FT-IR spectrum of PbCr . These results also prove that addition of Cr 3? did not change the intrinsic structure of PbFe 12 O 19 . Also, the signal corresponding to stretching vibration of free O-H of carboxyl group appears at around 3444 cm -1 . An additional peak confirming the results is the in-plane bending vibration of O-H at about 1026 cm -1 , which is typical for non-hydrogen-bonded carboxylic OH groups.
The magnetic hysteresis loop of the prepared PbCr x Fe 12-x O 19 , acquired by VSM, is shown in Fig. 5 . The results show that the saturation magnetization (M s ) decreased with increasing chromium content of the samples, which can be attributed to the higher moment of Fe 3? (5l B ) compared with Cr 3? (3l B ). This naturally leads to weakening of exchange interactions. Cr 3? is known to occupy octahedral sites at 12k (up), 2a (up), and 4f 2 (down). The decrease in the M s value with increasing amount of Cr 3? provides proof that these ions occupy 12k and 2a rather than 4f 2 sites. Also, on Cr 3? doping, the coercivity increased due to increased anisotropy field, in turn increasing the domain wall energy. On the other hand, the coercivity increased with increasing anisotropy of the morphology. 19 can be considered a promising catalyst. Hence, the catalytic behavior of the prepared nanoparticles in synthesis of HF-THP was investigated, and the results are presented in Table 1 . Using catalysts with different Cr 3? molar ratios, i.e., Cr(NO 3 ) 3 /Pb(NO 3 ) 2 ratios of 0, 0.5, 1, and 1.5, optimal conversion was observed at Cr(NO 3 ) 3 /Pb(NO 3 ) 2 ratio of 0.5, while increasing the ratio above this value was not found to further improve the yield.
The effects of using different solvents were also studied, and ethanol was found to lead to the best results compared with other organic solvents tested, including chloroform, acetonitrile, and toluene. Furthermore, the effect of temperature in the presence of the optimal solvent and catalysts was further evaluated. The observations proved the reaction to have low rate and yield at room temperature. Under reflux conditions, however, the reaction proved to lead to excellent yield in very short time. The scope of the reaction was studied using various starting materials under optimal reaction conditions, and the results are summarized in Table 2 . The mechanism proposed for the five-component reaction is illustrated in Scheme 2. In this mechanism, PbCr x Fe 12-x O 19 nanoparticles act as Lewis acid catalyst for the reactions between aniline and ethyl acetoacetate, and aniline and benzaldehyde to yield b-enaminone (I) and imine (II). Correspondingly, enamine (I) and imine (II) undergo intermolecular Mannich reaction in presence of catalyst to produce intermediate III, which reacts with the aldehyde to produce intermediate IV through a dehydration reaction. Intermediate IV next undergoes tautomerization, yielding the more stable intermediate V, which in turn gives functionalized tetrahydropyridine derivatives (VI) through intramolecular cyclization.
It is noteworthy that cyclization of intermediates in this reaction could lead to two possible orientations: exo orientation resulting in syn-isomer and endo orientation resulting in anti-isomer. It is obvious that syn-isomer is the kinetic while the anti-isomer is the thermodynamic product. At high temperature, thermodynamic factors dominate and the anti-isomer is the preferred product, while at lower temperature, the syn-isomer could be created.
1 H NMR is a good tool for comparison of syn-and anti-isomers. In the syn-isomer the NH proton is deshielded and the C 2 -H, C 6 -H, and C 5 -H protons are shielded, in comparison with a Isolated yield the anti-isomer. This means that, in the anti-isomer, the NH, C 2 -H, C 5 -H, and C 6 -H protons are observed at about 10.3, 6.4, 5.1, and 2.7 ppm, respectively, whereas in the syn-isomer, these protons are observed at about 10.6, 5.5, 4.6, and 2.3 ppm, respectively. Therefore, based on the 1 H NMR results for product 4c for NH, C 2 -H, C 6 -H, and C 5 -H protons, our product is the anti-isomer [34] [35] [36] [37] [38] . The catalyst was next recycled after completion of the reaction. To this end, the nanoparticles were separated using a magnet, washed repeatedly with chloroform and hot ethanol (3 9 5 mL), and stored for subsequent evaluations. Experiments proved that the recycled catalyst could be reused for a minimum of five reactions without any further treatment, without showing considerable loss in activity (Fig. 6 ).
Conclusions
Hexagonal PbCr x Fe 12-x O 19 nanostructures containing different amounts of chromium ion were synthesized by sol-gel autocombustion method using malonic acid as fuel and further used as heterogeneous catalyst for preparation of highly Scheme 2 Proposed mechanism for synthesis of tetrahydropyridines using PbCr x Fe 12-x O 19 Five-component domino synthesis of tetrahydropyridines… 6163 functionalized tetrahydropyridines via a multicomponent sequential process. The present method was found to offer several advantages compared with previously reported protocols (e.g., high activity of catalyst, nonhazardous solvents or reagents, shorter reaction time, and higher chemical yield) for a wide range of products. Moreover, the catalyst could be recycled and reused for several runs with only trace loss of activity. 
